Investigation of the de-alloying behaviour of θ-phase (Al2Cu) in AA2024-T351 aluminium alloy  by Zhang, X. et al.
I
A
X
C
a
A
R
R
A
A
K
A
A
B
B
C
1
t
t
t
w
t
a
a
d
d
S
a
s
d
a
a
d
t
i
i
e
h
0Corrosion Science 108 (2016) 85–93
Contents lists available at ScienceDirect
Corrosion  Science
j ourna l h omepage: www.elsev ier .com/ locate /corsc i
nvestigation  of  the  de-alloying  behaviour  of  -phase  (Al2Cu)  in
A2024-T351  aluminium  alloy
.  Zhang,  T.  Hashimoto,  J.  Lindsay,  X.  Zhou ∗
orrosion and Protection Centre, School of Materials, The University of Manchester, Manchester M13 9PL, UK, UK
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 10 January 2016
eceived in revised form 4 March 2016
ccepted 5 March 2016
vailable online 11 March 2016
a  b  s  t  r  a  c  t
For  multi-phase  intermetallic  particles  consisting  of  both  -and  S-phase,  de-alloying  occurred  preferen-
tially  at  S-phase  and  the de-alloying  of  -phase  initiated  in the regions  surrounding  S-phase.  The  selective
dissolution  of Al from  -phase  resulted  in  porous  copper-rich  -phase  remnant,  comprised  of  randomly
oriented  copper  metallic  particles  and  copper  oxides  with  sizes  of  10–50  nm.  Banding  structure  devel-
oped  during  the  de-alloying  of  -phase  particles  that contain  stacking  faults.  The  de-alloying  of  -phaseeywords:
. Aluminium
. Intermetallic
. SEM
. TEM
could  preferentially  occur from  beneath  the  alloy  surface,  associated  with  the  local low  pH  environment
generated  by trenching  of  the  alloy  matrix in  the  periphery  -phase  particles.
© 2016  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under the  CC  BY license
(http://creativecommons.org/licenses/by/4.0/)..  De-alloying
. Introduction
AA2024 aluminium alloy has been widely used in aircraft indus-
ry due to its high strength-to-weight ratio and high damage
olerance. However, the high strength is achieved by the addi-
ion of relatively high content of copper as an alloying element,
hich may  compromise corrosion resistance. It is known that
he high corrosion susceptibility of copper-containing aluminium
lloys is mainly attributed to the distribution of copper in the
lloy, which enhances cathodic activity and, thereby, facilitates the
evelopment of localized corrosion [1–4]. It is believed that the
e-alloying of copper-containing intermetallic particles, especially
-phase particles in AA2024 alloy, leads to copper re-distribution
nd, consequently, further enhances cathodic activity at the local
ites. Thus, extensive work has been conducted to investigate the
e-alloying behaviour of S-phase particles [2,5–11].
De-alloying is caused by the selective dissolution of more active
lloying elements from a homogeneous phase [8,10,12]. A de-
lloying model, considering the capillary effects during selective
issolution, was proposed by Sieradzki [10]. It was  suggested that
he preferential dissolution of more active alloying elements results
n the regions of negative curvature on the alloy surface, which
ncreases interfacial area and, consequently, increases the surface
nergy of the system. To achieve stability of the system, roughening
∗ Corresponding author.
E-mail address: xiaorong.zhou@manchester.ac.uk (X. Zhou).
ttp://dx.doi.org/10.1016/j.corsci.2016.03.003
010-938X/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article utransition, as a consequence of the competition between the curva-
ture effect and the surface diffusion, occurs to decrease the surface
energy of the system and, thereby, leads to the formation of the
ﬁnal stable surface morphology, namely porous structure, in the
remnant. A continuum mode, based on the diffusive re-distribution
of elements, has been proposed by Erlebacher, indicating that the
intrinsic dynamical pattern formation process is responsible for the
nano-porosity developed during the de-alloying process [8,13,14].
The application of the continuum model successfully predicts the
characteristic length, i.e. average ligament size, of the de-alloyed
remnant. It was also suggested that the curvature effect, which
determines the average ligament size of the porous structure, gov-
erns the morphological evolution of de-alloying S-phase, whereas
the balance between the metal dissolution, the ion solubility and
the mass transport determines the kinetics of de-alloying process
[5]. In addition to the theoretical work, the mechanism of porous
structure formation during the de-alloying process of S-phase has
also been proposed based on electron microscopy. Hashimoto et al.
conducted a detailed investigation of the de-alloying behaviour of
S-phase [11,15]. It was  revealed that the de-alloying of S-phase
produces the stable porous structure that consists of a modiﬁed
S-phase network, copper nanoparticles at the intersections and a
∼2 nm copper layer at the surface of the remnant, the latter pre-
vents the occurrence of further de-alloying.Although the de-alloying behaviour of synthetic -phase using
atomic emission spectroelectrochemistry has been reported [16],
the de-alloying mechanism of -phase particles in AA2024 alloy has
attracted much less attention due to perhaps its less active nature
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ompared with S-phase particles. However, as a copper-containing
ntermetallic particle, the de-alloying of -phase also contributes to
he copper re-distribution on the alloy surface and, consequently,
ffects the corrosion resistance of AA2024 alloy. Therefore, a com-
rehensive understanding of the de-alloying behaviour of -phase
s necessary. In the present work, the de-alloying behaviour of
-phase in AA2024-T351 aluminium alloy in a 3.5 wt.% NaCl solu-
ion has been investigated. Scanning and transmission electron
icroscopy are employed to investigate the evolution of morphol-
gy, composition and crystallographic structure of -phase during
he de-alloying process.
. Experimental methods
A 1.2 mm thick AA2024-T351 aluminium alloy sheet was  used
n the present study. The composition of the alloy was determined
y inductively coupled plasma-atomic emission spectroscopy as
ollowing: Cu 4.65 wt.%; Fe 0.21 wt.%; Mg  1.54 wt.%; Mn  0.52 wt.%;
i 0.088 wt.%; Zn 0.11 wt.%; Al rem.
Prior to the corrosion testing, specimens were mechanically
round with 600, 1200, 2500 and 4000 grit silicon carbide paper
nd then polished sequentially with 3 m and 1 m diamond
aste with mecaprex polishing liquid as lubricant. Following the
echanical polishing, the specimens were agitated ultrasonically
n acetone bath for degreasing, rinsed in deionized water and dried
n a cold air stream.
Corrosion testing was carried out by immersion in a 3.5 wt.%
aCl solution at ambient temperature. Before and after the testing,
he alloy surface was examined with scanning electron microscopy
SEM) equipped with energy dispersive X-ray analysis (EDX). To
void the inﬂuence of carbon deposit introduced during the SEM
xamination on the subsequent testing, the specimen was gen-
ly polished by colloidal silica suspension for a few seconds before
orrosion testing. Electron transparent thin foils of the as-received
A2024 alloy were prepared with twin-jet electropolishing using
 mixture of 700 ml  methanol and 300 ml  nitric acid at the tem-
erature of −35 ◦C for transmission electron microscopy (TEM).
n addition, focussed ion beam (FIB) was employed to obtain the
lectron transparent foils of de-alloyed -phase particles for TEM
xamination.
. Results
.1. The distribution of intermetallic particles
A mechanically polished specimen of the AA2024 alloy was
xamined to determine the distribution and composition of inter-
etallic particles. Fig. 1 (a) shows the backscattered electron
icrograph of the randomly distributed intermetallic particles of
icrometre size, appearing as bright features, on the alloy surface.
DX analysis was performed on the intermetallic particles, reveal-
ng three different types of intermetallic particles based on the
ompositions. They are S-phase that is rich in aluminium, copper
nd magnesium, -phase that is rich in aluminium and copper as
ell as -phase that is rich in aluminium, copper, iron, manganese
nd silicon.
As shown in Fig. 1 (b, c), SEM micrographs at increased mag-
iﬁcations reveal that -phase particles are present individually or
mbedded with S-phase particles. Specially, a multi-phase particle,
ith a -phase outer shell and an S-phase inner core, is evident in
ig. 1 (c). Fig. 1 (d) exhibits the backscattered electron micrograph
f another multi-phase particle, also consisting of S-phase and -
hase, as conﬁrmed by the corresponding EDX maps (Fig. 1 (e)). It
s evident that two individual S-phase particles with the diametersnce 108 (2016) 85–93
of ∼400 nm are embedded in a -phase particle with the dimension
of ∼3 m.
The twin-jet electropolished thin foil of the AA2024 alloy was
examined with TEM. A bright ﬁeld TEM micrograph, as shown in
Fig. 2 (a), displays a -phase particle decorated by several parallel
linear features. The linear features are the stacking faults in -phase
particles (conﬁrmed by lattice image in the following section). The
distances between the neighbouring linear features range from tens
of nanometres to several hundred nanometres. The corresponding
diffraction pattern is displayed in Fig. 2 (b), suggesting that the
stacking faults are on the {011} planes of -phase. Two further
examples of linear features in -phase particles are shown in Fig. 2
(c, d).
3.2. Morphological evolution of -phase particles
In order to examine the morphological modiﬁcation of -phase
during immersion in a 3.5 wt.% NaCl solution, SEM was  carried out
before and after the immersion. Fig. 3 (a) shows the SEM micro-
graph of a typical surface region containing intermetallic particles
before the immersion testing. Particle 1, as marked in Fig. 3 (a),
was selected for further analysis. EDX analysis of Particle 1 (Table 1)
reveals Al and Cu, consistent with that of -phase. Fig. 3 (b) displays
the SEM micrograph of Particle 1 after the immersion in a 3.5 wt.%
NaCl solution for 30 min. It is evident that a gap, i.e. trenching, with
the width of approximate 200 nm developed in the periphery of
the -phase particle, suggesting the preferential dissolution of the
alloy matrix.
The compositions of Particle 1 and the alloy matrix are compared
before and after the immersion testing, as presented in Table 1.
The increased oxygen contents on the particle and the alloy matrix
suggests the presence of corrosion product after the immersion.
It is also evident that the oxygen content of the particle is signiﬁ-
cantly higher than that of the alloy matrix, suggesting that localized
corrosion preferentially occurred in the region containing -phase
particles due to the increased electrochemical activity. Since the
presence of oxygen changed the relative elemental percentage of
copper and aluminium in the EDX analysis, the ratios of Cu/Al were
also included in Table 1 to evaluate the compositional modiﬁcation
of the -phase particle. It is evident that, after the immersion, the
ratio of Cu/Al of Particle 1 increased signiﬁcantly from 0.69 to 1.56,
suggesting the enrichment of copper in the -phase remnant. Pre-
vious work [2,3,11,17] suggested two  possible explanations for the
copper rich nature of the -phase remnant. First, copper ions gen-
erated by the dissolution of the alloy matrix re-deposited on the
cathodic -phase particle. Second, the copper enrichment was the
consequence of selective dissolution of Al from the -phase particle.
However, as shown in Fig. 3 (b), no deposited particles were present
on the -phase particle remnant after the immersion. Hence, it is
likely that the selective dissolution of aluminium from the -phase
particle is responsible for the copper rich nature of the remnant,
which will be further elucidated in the following sections.
Fig. 4 displays the typical morphologies of -phase particles after
immersion in a 3.5 wt.% NaCl solution for 10 h. It is evident that
trenching was  present between the -phase particle remnants and
the peripheral alloy matrix, consistent with the morphology shown
in Fig. 3 (b). In addition to trenching, some other characteristic fea-
tures had also developed. Two typical -phase particles are shown
in Fig. 4 (a, b), with pits of ∼2 m dimensions within the particles,
as indicated by the arrows. It is noticed that the dimensions of the
pits are consistent with those of the S-phase particles embedded
in the -phase particles (Fig. 1 (e, f)), suggesting that the develop-
ment of the pit might be associated with the S-phase particle, i.e.
the preferential attack of the relatively active S-phase resulted in
the pits. Fig. 4 (c, d) shows further evidences of preferential attack
of S-phase embedded in the -phase particle. In addition to the pits
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Fig. 1. (a) Backscattered electron micrograph of the mechanically polished surface; (b, c) backscattered electron micrographs of the alloy surface at increased magniﬁcations;
(d,  e) backscattered electron micrograph of a multi-phase particle and the corresponding EDX maps from the framed region in (e).
88 X. Zhang et al. / Corrosion Science 108 (2016) 85–93
Fig. 2. (a) Bright ﬁeld TEM micrograph of a -phase particle; (b) electron diffraction pattern of the particle shown in (a); (c, d) bright ﬁeld TEM micrographs of two further
-phase particles.
Fig. 3. (a) Backscattered electron micrograph prior to the immersion testing; (b) backscattered electron micrograph of the framed area in (a) after immersion in a 3.5 wt.%
NaCl  solution for 30 min.
Table 1
Compositions (at.%) of the -phase particle (Particle 1 shown in Fig. 3) and the alloy matrix before and after immersion in a 3.5 wt.% NaCl solution for 30 min, determined by
EDX  analysis.
O Mg  Al Mn Fe Cu Cu/Al
Particle 1 before 0.3 0.8 58.3 0.1 0.1 40.4 0.69
Particle 1 after 9.0 0.8 35.2 0.0 0.1 55.0 1.56
Matrix before 0.3 1.2 94.9 0.6 0.0 3.1 0.03
Matrix after 1.2 1.0 94.1 0.5 0.2 3.0 0.03
X. Zhang et al. / Corrosion Science 108 (2016) 85–93 89
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Fig. 5. (a) Bright ﬁeld TEM micrograph of a -phase particle; (b) electron diffraction
pattern of the -phase particle shown in (a); (c–f) HAADF images of the de-alloyed -
phase particle; (g) lattice image of the -phase particle with linear features, revealing
the crystallographic defects.ig. 4. Scanning electron micrographs of -phase particles after immersion in a
.5  wt.% NaCl solution for 10 h.
esulted from the preferential attack of S-phase, Fig. 4 (c, d) also
xhibit the porous morphology on the -phase particle, indicating
he de-alloying of the -phase particle.
Fig. 4 (e) shows another -phase particle on the alloy surface
fter immersion in a 3.5 wt.% NaCl solution for 10 h. Interestingly,
inear features with typical widths ranging from tens of nanome-
res to several hundred nanometres are present as marked by the
rrows in Fig. 4 (e). The linear features display porous morphology,
uggesting that the de-alloying selectively occurred within certain
egions of the -phase particle. The linear features, which is termed
90 X. Zhang et al. / Corrosion Science 108 (2016) 85–93
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mFig. 6. (a, b) Bright ﬁeld TEM micrographs of the de-alloyed -phase par
s banding structure thereafter, displays increased brightness in
he backscattered electron micrograph, indicating the enrichment
f heavy alloying elements, speciﬁcally copper in this situation. A
urther example of de-alloyed banding structure is shown in Fig. 4
f). The severely attacked surface with typical porous morphology
ndicates later stage of de-alloying of the -phase particle com-
ared to that shown in Fig. 4 (e). The de-alloyed banding structure
long with pits corresponding to the preferential attack of S-phase
nclusions is discernible. The development of banding structure in
-phase will be further discussed in the following section.
.3. The banding structure
In order to better understand the development of the banding
tructure in -phase particles, FIB was employed to generate elec-
ron transparent cross section of the -phase particles decorated
ith the de-alloyed banding structure after the immersion in a
.5 wt.% NaCl solution for 2 h. A bright ﬁeld transmission electron
icrograph of the -phase particle along with the corresponding
lectron diffraction pattern is shown in Fig. 5 (a, b). Fig. 5 (a) clearly
eveals that banding structure developed in the -phase particle.
owever, the corresponding diffraction pattern in Fig. 5 (b) only
hows the pattern of -phase in [111] zone axis, suggesting that
he de-alloying of the -phase particle is at relatively early stage so
hat the de-alloying volume still maintained the crystal structure
f -phase [11].
Fig. 5 (c) displays a high angle annular dark ﬁeld (HAADF)
icrograph of the banding structure at increased magniﬁcation,(c–e) electron diffraction patterns from areas 2, 3 and 4 indicated in (a).
revealing that the banding structure is comprised of the corrosion
path network along with enclosed islands of intact volume of the
-phase. The network of corrosion paths are comprised of high pop-
ulation density of ligaments with the typical widths around 10 nm,
which follow two different orientations. A typical ligament within
the corrosion path is displayed at increased magniﬁcation in the
HAADF micrograph shown in Fig. 5 (d). Since the contrast in the
HAADF micrograph originates from the atomic number difference,
it is evident that the interface between the intact alloy matrix and
the corrosion path is rich in heavy alloying elements, i.e. copper in
this situation [11,15]. A copper-enriched layer with the thickness of
∼2 nm developed along the interface between the corroded volume
and the intact region in the banding structure.
Fig. 5 (e) displays a typical region in the de-alloyed -phase
particle containing banding structure. Scrutiny of the intact region
reveals linear features, i.e. stacking faults. Interestingly, the propa-
gation direction of the banding structure is the same as that of the
linear features. The correlation between the propagation directions
of the banding structure and the orientation of the stacking faults
suggests the inﬂuence of crystallographic defects on the selective
dissolution of -phase. Fig. 5 (f) displays the morphology of the
banding structure in Fig. 5 (e) at increased magniﬁcation, exhibit-
ing the two distinctive propagation directions of the corrosion path
network. Evidently, one propagation direction of the corrosion path
network is the same as that of the linear features. The lattice image
of the linear features conﬁrms that the linear features are stacking
faults, as shown in Fig. 5 (g). Fast Fourier transformation (inset in
Fig. 5 (g)) of the lattice image conﬁrms that the stacking faults in the
X. Zhang et al. / Corrosion Scie
Table  2
Compositions (at.%) of the various regions of the de-alloyed -phase particle (indi-
cated in Fig. 7 (c)), determined by EDX analysis.
Points Al Cu Total
1 48.9 51.1 100.00
2  60.6 39.4 100.00
3  57.4 42.6 100.00
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b4  66.4 33.6 100.00
5  64.6 35.4 100.00
-phase particle are in the orientation parallel with {112} planes.
hus, it is believed that the de-alloying developed preferentially
t the crystallographic defects, i.e. stacking faults, resulting in the
anding structure during de-alloying of -phase.
.4. Porous structure
An electron transparent foil of the cross section of a partially de-
lloyed -phase particle after immersion in a 3.5 wt.% NaCl solution
or 10 h was generated using FIB. A bright ﬁeld TEM micrograph of
he cross section is displayed in Fig. 6 (a), exhibiting ﬁve distinctive
reas. It is evident that Areas 2 and 4 with typical porous mor-
hology are de-alloyed regions of the -phase, while Areas 3 and 5
aintain the original morphology of -phase. Area 1 has a signif-
cantly different morphology. Fig. 6 (b) shows the framed area in
ig. 6 (a) at increased magniﬁcation. It is evident that Area 1 exhibits
tching features of the alloy matrix with the width of approximate
00 nm.  Further, scrutiny of Area 4 reveals porous structure con-
isting of particles with dimensions ranging from 20 nm to 50 nm as
ndicated by the arrows. The dark appearance of the nano-particles
n bright ﬁeld TEM micrographs suggests increased average atomic
umber in the region, which is likely to be the consequence of cop-
er enrichment due to selective dissolution of Al. In contrast, the
ark nano-particles in Area 2 have much smaller size, ranging from
everal nanometres to around 10 nm,  indicating that Area 2 is at
elatively early stage of de-alloying [11].
The electron diffraction from Areas 2 and 4 exhibit diffraction
ings of metallic copper and copper oxide, as shown in Fig. 6 (c,
), suggesting the presence of randomly oriented copper metallic
ano-particles and oxide nano-particles. It is also noticed that no
iffraction pattern of -phase is present, indicating the atomic re-
rrangement during the de-alloying process of -phase. Therefore,
he de-alloying of -phase particles occurred with the selective
issolution of aluminium, resulting in randomly oriented copper
etallic particles, which could be further oxidized to form cop-
er oxide particles. In contrast, the diffraction pattern from Area
 shows mainly the pattern of -phase in [011] zone axis, with
upper-lattice of the modiﬁed -phase crystal structure due to the
iffusion of alloying elements [11,15], indicating the relatively early
tage of de-alloying in Area 3. Further characterization of the par-
ially de-alloyed -phase particle in Fig. 6 (a) was conducted by
canning transmission electron microscopy (STEM). Fig. 7 (a) dis-
lays the HAADF micrograph of the particle. Higher brightness of
rea 4 relative to that of Area 2 suggests higher average atomic
umber of Area 4 than that of Area 2. Fig. 7 (b, c) display the framed
reas in Fig. 7 (a) at increased magniﬁcations, exhibiting a high
opulation density of bright features of nanometre scale, namely
opper-rich metallic particles and copper oxide particles, which is
n good agreement with that shown in Fig. 6 (b). Further, scrutiny
f the nano-particles in Fig. 7 (c) reveals dark linear features (as
ndicated by the arrows), which is stacking faults in copper metal-
ic particles [18]. This is conﬁrmed by the lattice image of Fig. 7 (d),
s indicated by dashed-line arrows, with the stacking faults on the
110} planes of the copper metallic particle. An interfacial layer
etween the de-alloyed area and the intact area, with the thick-nce 108 (2016) 85–93 91
ness of 2–3 nm,  also displays high brightness as indicated by the
dash-line arrows in Fig. 7 (c), suggesting copper enrichment at the
interface. This is conﬁrmed by the EDX point analysis conducted at
the marked points in Fig. 7 (c) with the corresponding compositions
listed in Table 2.
4. Discussion
4.1. The necessary chemical condition
The -phase particle, with a more positive corrosion potential
(around −484 mV  vs SCE in 0.1 M NaCl solution [19]) relative to
that of the alloy matrix (–555 mV  vs SCE in 0.1 M NaCl solution
[19]), acts as cathode during the immersion testing [19–21]. As a
result, the cathodic reaction, i.e. oxygen reduction, preferentially
occurs on the surface of -phase, leading to a local alkaline condi-
tion. It is known that the passive ﬁlm on the alloy matrix is unstable
in alkaline condition [22,23], which, consequently, promotes the
dissolution of the alloy matrix at the adjacency of the -phase parti-
cle. The micro-coupling between the -phase particle and the alloy
matrix further facilitates the dissolution at the adjacency of the
-phase particle, resulting in trenching that could penetrate deep
beneath the surface (Figs. 6 and 7).
It is generally agreed that the selective dissolution of intermetal-
lic particles is sensitive to the local chemical condition, especially
local pH [2,3,5,24–26]. In the work of Buchheit, it was found that the
population density of S-phase related corrosion pits on the AA2024
alloy surface reaches a peak when the pH of the testing solution was
around 4 [3]. The previous work of Vukmirovic revealed that the
current densities corresponding to the de-alloying of S-phase parti-
cles increased with the increase of local electrolyte pH and reached
the maximum when the pH was around 12.8 [2]. More recent
work of Birbilis investigated the electrochemical characteristic of
-phase as a function of solution pH, revealing that the electro-
chemical behaviour of -phase varied signiﬁcantly with pH. It was
also pointed out that the corrosion potential of -phase at the pH
2.5 was  approximately 200 mV more positive than that in alkaline
environment (pH = 12.5), suggesting -phase is electrochemically
more active in the alkaline condition [26].
As shown in Fig. 4 (a–d), it was  noticed that the porous morphol-
ogy preferentially developed in the periphery of the pits which is
believed to be the result of the removal of S-phase inclusions that
was originally embedded in/clustered with the -phase particle.
It is suggested that the necessary chemical condition for -phase
de-alloying could be generated in the regions adjacent to S-phase
inclusions. During the immersion testing, the selective dissolution
of Mg  and Al from the S-phase particles generated high anodic cur-
rent, which needed to be balanced by equivalent cathodic current
[6,27]. Therefore, the cathodic reaction, namely oxygen reduction,
occurred in the peripheral -phase, resulting in the local alkaline
condition. As mentioned above, the alkaline condition provided
favourable chemical condition for the dissolution of passive ﬁlm
and the subsequent initiation of -phase de-alloying [2,5]. Follow-
ing the selective dissolution of Mg  and Al, the S-phase remnant was
highly copper-rich [11,18], which was likely to result in the elec-
trochemical conversion from anode to cathode with respect to the
-phase particle. Thus, the S-phase remnants directly supported
the oxygen reduction, which further contributed to the local alka-
line condition and, consequently, enabled the -phase de-alloying,
especially at the interface between -phase and S-phase. Due to
the micro-coupling between the S-phase remnant and the adja-
cent -phase particle, the S-phase remnant was  ﬁnally undercut
and removed from the -phase particle, leaving a corrosion pit with
the de-alloyed -phase in its periphery as shown in Fig. 4 (a–d).
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F g. 7 (a
l
c
s
a
s
w
s
c
r
r
t
t
h
f
l
t
d
t
p
i
w
4
r
fig. 7. (a) HAADF images of a partially de-alloyed -phase particle; (b) Area A in Fi
attice  image of the copper metallic particle.
In addition to the mechanism mentioned above, the favourable
hemical condition was also available at the trenching front. As
hown in Fig. 6 (a), the trenching front in the periphery of the de-
lloying -phase particles could penetrate deep beneath the alloy
urface. The geometry of stable localized corrosion site has been
idely explored [19,28–30], suggesting that the geometry of the
table localized corrosion site, especially the penetration depth, is
ritical to maintaining the necessary chemical condition at the cor-
osion front area. As an analogy, at the trenching front area, the
estricted diffusion between the bulk solution and the local elec-
rolyte resulted in the stable local chemical condition necessary for
he anodic activity. Due to the anodic dissolution of the alloy matrix,
igh concentration of aluminium ions is present at the trenching
ront area. The rapid hydrolysis of aluminium ions resulted in a
ow pH chemical condition at the trenching front area, contributing
o the continuous de-alloying of -phase. Such situation is clearly
emonstrated by Fig. 6, showing that Areas 2 and 4 were beneath
he intact Area 5, but were preferentially de-alloyed. Further, the
henomenon that the de-alloyed Area 4 was sandwiched by the
ntact Area 3 and 5 is attributed to the stacking faults in -phase,
hich will be discussed in the following section.
.2. The evolution of -phase during de-alloyingThe examination of the de-alloyed porous -phase remnant
evealed high population density of particles with the size ranging
rom 10 nm to 50 nm (Figs. 6 and 7). The particles are either copper) at increased magniﬁcation; (c) Area B in Fig. 7 (a) at increased magniﬁcation; (d)
metallic particles or the copper oxides. The observation is consis-
tent with previous work on S-phase particles [2,3,5,11,15,18]. It
is believed that the selective dissolution of aluminium along with
the subsequent atomic re-arrangement resulted in the formation
of copper metallic particles, then eventually the electrical isolation
of the copper metallic particles, which are subsequently oxidized
[11,17].
A distinctive feature developed during the selective dissolution
of -phase is the banding structure, as shown in Figs. 4 and 5,
similar to the corroded bands in S-phase particles [18]. Stack-
ing faults were observed in the -phase particles, as shown in
Fig. 2. It is evident that the distance between stacking faults, with
the typical dimension of several hundred nanometres, is in the
same range with that between the de-alloyed banding structure,
suggesting the possible relationship between the development of
de-alloyed banding structure and the stacking faults in -phase.
What’s more, as displayed in Fig. 5, the banding structure follows
the same direction of the stacking faults. It is suggested that the
inﬂuence of crystallographic defects on the selective dissolution of
-phase particles is attributed to two major factors. First, the pres-
ence of crystallographic defects increases the local stored energy.
Therefore, the atoms at the stacking faults are in a more thermody-
namically unstable condition. It has been revealed that the grains
with increased levels of defects have higher corrosion susceptibility
in 2000 series aluminium alloys [31–33]. As an analogy, the regions
with stacking faults are more susceptible to selective dissolution.
Thus, the presence of stacking faults resulted in the de- banding
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corrosion in AA2024-T351: the inﬂuence of grain stored energy, Corros. Sci.
61 (2012) 35–44.
[33] Y. Ma,  X. Zhou, W.  Huang, Y. Liao, X. Chen, X. Zhang, G.E. Thompson,
Crystallographic defects induced localised corrosion in AA2099-T8
aluminium alloy, Corros. Eng. Sci. Technol. 50 (2015) 420–424.X. Zhang et al. / Corrosi
tructure following its orientation during the selective dissolu-
ion of -phase (Fig. 5). Second, as mentioned above, the selective
issolution of -phase is based on diffusion. The crystallographic
efects, including stacking faults, provide high population density
f vacancy and, consequently, facilitate the diffusion of the alloying
lement atoms. Hence, selective dissolution preferentially devel-
ped along the crystallographic defects, resulting in the banding
tructure.
. Conclusions
For the multi-phase intermetallic particles consisting of both -
nd S-phase, de-alloying might occur preferentially at the S-phase
nd the de-alloying of the -phase particles initiated in the regions
urrounding the S-phase.
The preferential dissolution of aluminium from -phase parti-
les resulted in the copper-rich -phase remnants, which exhibited
orous morphology. The porous structure was comprised of ran-
omly oriented copper metallic nano-particles along with the
orresponding copper oxides (Cu2O) nano-particles. The size of the
opper-rich particles increased with increasing level of de-alloying
t the early stage and ﬁnally stabilized in the range of 10 nm to
0 nm.  The copper metallic nano-particles were decorated by stack-
ng faults on {110} planes.
Banding structure, consisting of corrosion path network and
ntact regions, was observed in the de-alloying -phase particle.
he banding structure was developed due to the preferential attack
f the stacking faults in -phase particle. It was also found that the
orrosion path within the banding structure followed {112} and
110} planes, determined by the distribution of stacking faults in
-phase particle.
The de-alloying of -phase could preferentially initiate and
ropagate from beneath the alloy surface, associated with the local
ow pH environment generated by trenching of the alloy matrix in
he periphery of -phase particles.
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